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Abstract: By using a single ceramic SbGaN target containing a 14% Sb dopant, Sbg 14GaN films were
successfully grown on #-5i(100), S5iO, /Si(100), and quartz substrates by an RF reactive sputtering
technology at different growth temperatures, ranging from 100 to 400 °C. As a result, the structural
characteristics, and optical and electrical properties of the deposited Sby 14GaN films were affected
by the various substrate temperature conditions. By heating the temperature deposition differently,
the sputtered Sbg 14GaN films had a wurtzite crystal structure with a preferential (1010) plane, and
these Sbg 14GaN films experienced a structural distortion and exhibited p-type layers. At the highest
depositing temperature of 400 °C, the Sby 14GaN film had the smallest bandgap energy of 2.78 eV,
and the highest hole concentration of 8.97 x 106 cm—3, a conductivity of 2.1 Sem~!, and a high
electrical mobility of 146 em?V—1s71. The p-Sbp.14GaN/n-Si heterojunction diode was tested at
different temperatures, ranging from 25 to 150 °C. The testing data showed that the change of testing
temperature affected the electrical characteristics of the diode.

Keywords: acceptor Sb; temperature conditions; RF sputtering; heterojunction diode

1. Introduction

It is believed that gallium nitride and its alloys are functional semiconductor materials
with a crystal wurtzite structure, wide bandgap, good thermal conductivity, high carrier
mobility, and a high breakdown voltage [1,2]. In the fabrication of electronics and pho-
toelectronic components, they have been widely applied and designated as diodes and
light-emitting diodes (LED), metal-oxide semiconductor field-effect transistor (MOSFET),
and hetero junction field-effect transistor (HJ-FET) [3-7]. Overall, n- and p-type Gallium
nitride films can be fabricated by many processes, such as metal organic chemical vapor de-
position (MOCVD) [8,9], metal organic vapor phase epitaxy (MOVPE) [10,11], low energy
electron beam irradiation (LEEBI) treatment [12], or a two flow metal organic chemical
vapor deposition (TF- MOCVD) [13,14]. Besides, radio frequency (RF) sputtering technol-
ogy has promising properties in application, as it is more inexpensive, uncomplicated to
clean, and easy to use with various sputtering conditions. Using this technique, the target
can be designed according to a wide range of compositions. It is reasonable to study the
doping in [II-nitride compound semiconductors, and a GaN film has been easily fabricated.
Recently, our group has accomplished a deposited p-GaN and n-GaN film [15-17]. In a
previous experiment, we had studied the effects of an Sb dopant on the semiconductor
characteristics of Sb-x-GaN films sputtered by RF reactive sputtering technology using a
single ceramic Sb-x-GaN target with an Sb dopant at x = 0.0, 0.07, 0.14, and 0.2. The results
determined that these deposited Sb-x-GaN films converted to a p-semiconductor at x = 0.07,
0.14, and 0.2. The p-SbGaN /n-5i(100) heterojunction diodes performed successfully and
their electrical characteristics at room temperature were thoroughly investigated [18] In
2019, our previous work was performed in conditions that affected the electrical, optical,
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and structural properties of the GeGaN thin films grown using RF reactive sputtering [19].
At the highest temperature of 400 °C, the GejgyGaN film acted as an n-semiconductor,
had a smaller bandgap energy of 3.02 eV, and achieved a higher carrier concentration
of 1.30 x 10!8 cm—3, an electrical conductivity of 1.46 Sem~!, and an electron mobility
of 7ecm?V~1s~1. However, the influences of the different heating substrate temperature
conditions on the characteristics of Sb-GaN thin films have not been studied by many
researchers until this work. In this work, we studied the influences of different deposition
temperatures on the structural, optical, and electrical characteristics of the Sby 14GaN films
and the characteristics of the p-Sbg 14GaN/n-Si heterojunction diode at different testing
temperatures. Firstly, Sbg14GaN thin films were deposited at various substrate heating
temperatures, of 100, 200, 300, and 400 °C. Secondly, a diode was fabricated by growing
the p-Sbp 14GaN film on an n-Si substrate with the electrodes on the top using modeling by
RF sputtering, then the electrical characteristics of the diode were thoroughly investigated
at various working temperatures, from 25 to 150 °C.

2. Experimental Details

To thoroughly investigate the effects of different heating substrate temperature con-
ditions on the deposited Sb doped GaN film, the SbGaN ceramic target was prepared
with Sb/(Sb+Ga) at a molar ratio of 14 at% and named Sbg 14GaN target. Using a single
Sbg.14GaN target for deposition, the Sbg14GaN films were successfully fabricated on n-
type Si(100), SiO, /5i(100), and quartz substrates by RF sputtering. The Sbg 14GaN films
sputtered on the n-Si(100) substrates at different temperatures were used to study crystal
structure properties, morphological and topographical surfaces, and analyzing the compo-
sition of the Sby 14GaN films. To test the electrical properties of the films, the Sbg 14GaN
films were deposited on an SiO, /5i(100) substrate using the RF technique at various tem-
perature ranges, 100400 °C. Additionally, the Sbg 14GaN films grown on quartz substrates
at different heating substrate temperatures were used to investigate the optical properties
of Sbp14GaN films. The n-Si(100) substrates used in this work possessed an electrical
mobility of ~200 cm?V~1s71 an electron concentration of ~10cm ™3, an electrical resis-
tivity of ~1-10 Qcm, a diameter of 2 inches, and a thickness of ~550. In order to study
the effects of deposition temperature on the SbGaN film properties, the Sbg 14GaN films
were sputtered at substrate temperature conditions of 100, 200, 300, and 400 °C, output RF
sputtering power was constant, at 120 W, and deposition time was kept at 30 min. Before
depositing, the pressure of the working chamber was lowered to 1 x 10~° Torr by the
mechanical and diffusion pumps. For depositing, the reactive RF sputtering was fixed
at a working pressure of 9 x 103 Torr and a gas mixture of Ar and N, flowed at rates
of 5 sccm and 15 scem, respectively. In this experiment, the target was located opposite
the substrate at a distanced of 5 cm in the working chamber. The heterojunction diode
successfully performed the reactive RF sputtering technology, and the heterojunction diode
created a sputtered p-type Sb-0.14-GaN film on the n-Si substrate [18]. The heterojunction
p-Sbp.14GaN/n-5i(100) diode was made by sputtering an Sby 14GaN film on an n-5i(100)
substrate. The diode structure was designed in a top-top electrode model fabricated by
depositing Sbg 14GaN film on the #-Si substrate. It is known that metals with a high work
function (such as Pt, Mo, Ni, etc.) have often been applied to form Schottky contacts with
an n-type semiconductor, and ohmic contacts with a p-type semiconductor in the modeling
of metal-oxide-semiconductor MOS, metal-semiconductor MS, homo-, or heterojunction
diodes. Besides, metals with a low work-function (such as Al, Ag, etc.) have often been
employed to fabricate ohmic contacts with n-type semiconductors, and Schottky contacts
with a p-type semiconductor. In this work, the modeling of Pt/p-Sbg 14GaN/n-Si/ Al was
applied to Al to make an ohmic contact with n-5i and Pt to perform an ohmic contact with
p-Sb-GaN. The commercially purchased Al and Pt targets (99.999%) were applied to the
electrodes at a sputtering temperature of 200 °C for 30 min, on the top of the film. The
physical methods for designing and operating the diodes with our sputtered Ill-nitride thin
films are particularly described in our previous works [7,15,18,20-22]. To study the influ-
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ence of the testing conditions on the diode, the p-Sbg 14GaN/n-5i(100) diode was deployed
in current-voltage tests at various testing temperatures, ranging from 25 to 150 °C.

The crystalline structure of the Sby 14GaN films was studied by X-ray diffractometry
(XRD, D8 Discover, Bruker, Billerica, MA, USA). Scanning electron microscopy (SEM,
JSM-6500F, JEOL, Tokyo, Japan) was applied to investigate the morphological surface
and cross-section images of the Sby 14GaN films. The topographical surface and the film
roughness formed by the root-mean-square (rms) value were computed by atomic force
microscopy (AFM, Dimension Icon, Bruker, MA, USA). Compositional analyses of the
Sbg 14GaN films were performed by the energy dispersive spectrometer (EDS, JSM—6500F,
JEOL, Tokyo, Japan) supported on SEM. The absorption spectra of the Sby 14GaN films
were tested using an ultraviolet-visible (UV-Vis) spectrometer (V-670, Jasco, Tokyo, Japan),
and a Hall measurement system (HMS-2000, Ecopia, Tokyo, Japan) was used to determine
the electrical properties of the Sby14GaN films, consisting of hole concentration, electrical
mobility, and conductivity with a maximum magnetic field of 0.51 T. A semiconductor
device analyzer (Agilent, B1500A, Santa Clara, CA, USA) was used to study the electrical
characteristics of the p-Sbg 14GaN/n-5i(100) heterojunction diode at a temperature range of
25 to 150 °C.

3. Results and Discussion
3.1. Effects of Growth Temperature on the Deposited SbGaN Film Properties

The compositional films of these sputtered Sby 14GaN films, grown at different tem-
peratures in the range of 100-400 °C, were studied by the energy dispersive spectrometer
supported by a SEM. Table 1 presents the EDS compositional data of the Sby 14GaN films
deposited at heating substrate ranges of 100400 °C. As Ga concentration in the Sby 14GaN
films grown at different heating substrate temperatures, from 100 to 400 °C, was a decreas-
ing trend, the concentration of Sb in these films increased. There was a slight reduction
in Ga concentration in the Sby 14GaN films, listed as 46.48, 46.31, 45.89, and 45.64 at% cor-
responding to substrate temperature conditions of 100, 200, 300, and 400 °C, respectively.
Sb concentration in the Sby 14GaN films deposited at 100400 °C increased by 3.24, 3.91,
4.92, and 5.23 at%, respectively. Thus, the [Sb]/([Ga]+[Sb) molar ratios were 0.065, 0.078,
0.097 and 0.103 for the Sbg 14GaN films at 100, 200, 300 and 400 °C, respectively. The Sb
molar ratio of the sputtered Sbg14GaN films increased significantly as the temperature
of the heating substrate increased. As the [N]/([Ga]+[Sb]) ratio of the Sby 14GaN film at
100 °C was 1.011, the [N]/([Ga]+[Sb]) ratio of the Sby 14GaN films deposited at 200, 300
and 400 °C were 0.991, 0.968 and 0.966, which indicated that these Sby14GaN films had
a slight nitrogen vacancy and their electrical properties could be determined by film’s
deficient nitrogen state. It is expected that the different temperatures of the heating sub-
strates can explain the changes in the film properties. The morphological surfaces and
cross-section patterns of Sbg 14GaN films grown by an RF reactive sputtering system at
deposition temperatures ranging from 100 to 400 °C were figured by scanning electron
microscopy. Figure 1 displays images of the SEM surface and cross sectional patterns of
the Sbg 14GaN films deposited at a sputtering temperature in the range of 100400 °C, with
power maintained at 120 W. The surface SEM images showed that the Sby 14GaN films at
different heating-substrate temperatures had a continuous microstructure, film smoothness,
and medium grain size in the nanometer. From the inserted cross-sectioning SEM figures
in Figure 1, it can be seen that these Sby 14GaN films adhered well and had good interfaces,
without cracks and voids between the Sbj 14GaN layers and 7n-5Si substrate. As shown in
Table 2, these Sbg 14GaN films exhibited thicknesses of 1.0, 1.13, 1.17, and 1.24 um as the
heating substrate temperatures of the sputtering process were maintained at 100, 200, 300,
and 400 °C, respectively. As a result, there was an incremental growth rate of 33.33, 37.67,
39.00, and 41.33 nm/min, corresponding to each sputtering temperature of the deposition
system. The physical phenomenon could indicate that more Ar hit the Sby 14GaN target;
a higher heating substrate temperature condition corresponds to a faster sputtering rate.
Additionally, Table 3 displays the sizes of wurtzite crystalline, computed by the Scherer
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equation from the investigated XRD data. They were found to be 24, 24, 22, and 18 nm for
the Sb-014-GaN films deposited at temperatures of 100, 200, 300, and 400 °C, respectively.

The topographical surface and the root mean square (rms) roughness values of the
Sbg14GaN films deposited at 100, 200, 300, and 400 °C were studied by atomic force
microscopy (AFM). Figure 2 presents the AFM morphologies of the Sby 14GaN films after
scanning dimensions of 5 x 5 um?. The roughness values of the Sbj 14GaN films were 1.55,
1.45,1.26, and 1.66 nm, of the Sbg 14GaN films deposited at heating substrate temperatures
of 100, 200, 300, and 400 °C, respectively. The GaN film sputtered using a radio frequency
(RF) sputtering technique had a film roughness ranging from 0.7 to 20 nm [23], while the
GaN films made with a MOCVD system had various degrees of film roughness, ranging
from 0.5 to 3 nm [24]. Regarding the morphological and topographical surfaces and EDS
compositional analyses of the grown Sby 14GaN films, each exhibited a smooth surface and
an increase in the growth rate from 33.33 to 41.33 nm/min, as the heating temperature
substrate rose. It is reasonable to infer that the faster depositing of the sputtering system
was formed by the strong bombardment of argon onto the Sby 14GaN target at a higher RF
sputtering temperature.

Figure 3 presents the XRD spectra of the Sby 14GaN films deposited by RF reactive
sputtering at various deposition temperatures, from 100 to 400 °C, and fixed at 120 W under
an Ar/Nj gas atmosphere. From the XRD, all the Sby 14GaN films grown on the 1-5i(100)
substrates, whether heating substrate temperature conditions applied for the sputtering
processes were 100, 200, 300, and 400 °C, had a wurtzite structure and were polycrystalline.
The (1010), (1011), (1120), and (1122) peaks of diffraction were determined from those
Sbp.14GaN films containing a growth plane with a (1010) dominating peak; another second
peak was not identified from the XRD images. At the higher sputtering temperature
conditions, there was a slight shift in the position of the dominatant (1010) peak, to a
higher 26 angle. From the tested XRD data at a 26 angle, the positions of diffraction (1010)
peaks were discovered at 32.15°, 32.15°, 32.20°, and 32.26° on the Sbj 14GaN films grown
at the substrate temperature conditions of 100, 200, 300, and 400 °C, respectively. Table 2
presents the statistics from the XRD analysis. The lattice constants of 4, ¢, and the volume
of the unit cell of the Sby 14GaN films grown at various growth temperatures from 100
to 400 °C are shown in Table 2. The data displays that there was a slight decrease in the
lattice constant of ¢ from 5.23, 5.23, 5.22 t0 5.21 A and a from 3.212,3.212, 3.21 to 3.20 A
for the Sbg 14GaN films fabricated at heating growth temperatures of 100, 200, 300 and
400 °C, respectively. Besides, the Sby 14GaN films grown at 100, 200, 300, and 400 °C had
cell volumes listed as 46.70, 46.69, 46.58, and 46.23 A3, respectively. As the Sbg14GaN films
were made at different RF sputtering temperatures, ranging from 100 to 400 °C, the full
width at half maxima (FWHM) values of the (1010) peaks experienced a slight increment
of 0.37, 0.38, 0.42, and 0.51°, respectively. By using the Scherer equation for computing
crystalline size and the XRD parameters presented in Table 2, the size of the crystallites was
substantially smaller at higher heating temperatures, estimated to be 24, 24, 22, and 18 nm
for the Sbg 14GaN films grown at 100, 200, 300, and 400 °C, respectively. It was determined
that the different depositing temperatures possibly affected the crystalline structure, as
the Sby 14GaN films were grown at deposition temperatures of 100, 200, 300, and 400 °C.
In sputtering conditions at a higher heating temperature, there was an increase in the Sb
content in the as-sputtered Sby 14GaN films that exhibited a smaller crystallite size and
distortion in the crystal structure.

The Hall measurement system was used to measure the electrical characteristics of
the RF sputtered Sby 14GaN films at various temperature depositions, from 100 to 400 °C.
All of these Sbg 14GaN films retained p-semiconductor layers, and the electrical parameters,
named bulk concentration, mobility, and conductivity, of the Sby 14GaN films are detailed
in Figure 4. The hole concentration and electrical mobility of the Sby 14GaN films grown
at various heating substrate temperatures of 100, 200, 300, and 400 °C shown in Table
4 showed a significant increase, from 3.25 x 10" cm~3 and 385 cm?V~1s7!, 1.44 x 105
em ™ and 289 ecm?V~1s71, 2.83 x 10'® em™3 and 287 cm?*V~!s71, t0 8.97 x 10 cm™3
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and 146 cm?V~1s™!, respectively. This is explained by the fact that the highest Sb content
of 10.3 at % appeared in the composition of the Sbg14GaN film grown at the highest
sputtering temperature of 400 °C, correlating to the highest film hole concentration. From
the experimental data in Table 4, it is supposed that the hole conductivity of a film could be
calculated using hole concentration and mobility, as the Sby 14GaN grown at the different
deposition temperatures of 100, 200, 300 and 400 °C achieved an increment of electrical
conductivity, from 0.02, 0.067, and 1.3 to 2.1 Sem~!, respectively. This indicates that the
electrical properties of these sputtered Sby14GaN films were affected by the different
depositing temperature conditions.

Table 1. The Composition of EDS Analyzing Data of the Deposited Sby 14GaN Films at Heating
Substrate Temperatures of 100, 200, 300, and 400 °C.

Temperature [Sb] IN]
De[:gél)tlon Ga (at. %) Sb (at. %) N (at. %) /([Gal+[Sb]) /[Gal+[Sb])
100 46.48 3.24 50.28 0.065 1.011
200 46.31 3.91 49.78 0.078 0.991
300 45.89 492 49.19 0.097 0.968
400 45.64 5.23 49.13 0.103 0.966

Table 2. The effects of Sputtering Temperature on the Structural Properties of Sby 14GaN Film.

Temperature Film Thickness Deposition Rate Roughness
Deposition (°C) (um) (nm/min) (nm)
100 1.00 33.33 1.55
200 1.13 37.67 1.45
300 1.17 39.00 1.26
400 1.24 41.33 1.66

Table 3. Structural Properties of Sby 14GaN Thin Films Deposited at Temperatures Ranging from 100
to 400 °C from the X-ray Diffraction Analyses.

TSTP::;:ES .20 2 () c(A) Voloume FWHM (1010) Crystallite
120 o) (1010) Peak (A3) (Degree) Size (nm)
100 32.15 3.212 5.23 46.70 0.37 24
200 32.15 3.212 523 46.69 0.38 24
300 32.20 3.21 5.22 46.60 0.42 22
400 32.26 3.20 5.21 46.23 0.51 18

Table 4. The Electrical Properties of Sby 14GaN Films Deposited at the Different Substrate Tempera-

tures.
T]z;po;latio?e Tvpe Concentration Ny, Mobility p Conductivity o
?’C) " yp cm—3 cm?V-15-1 Scm—1
100 p 3.25 x 10 385 0.020
200 p 1.44 x 101 289 0.067
300 p 2.83 x 10'° 287 1.300
400 p 8.97 x 1016 146 2.100

The optical properties of the Sby 14GaN films grown at different temperature depo-
sitions, from 100 to 400 °C, were measured using a UV-Vis system at room temperature.
From the UV—Vis analysis data, the coefficient of optical absorption and bandgap energy;,
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Eg, of the Sby 14GaN films could be estimated by employing the Tauc equation expressed
following Equation (1):
(ahv)® = A(hv—Eg) )

where « is physical quantity as a coefficient of optical absorption, A is a constant, hv is the
energy value of the incident photon, and Eg is the bandgap energy of the Sby 14GaN films
deposited at the different growth temperatures. The plots of the (ahv)?-hv curves and the
bandgap energy of the Sby 14GaN films grown at different heating substrate temperatures
are shown in Figure 5. The bandgap, Eg, from the extrapolated curves were 3.01, 2.93, 2.81,
and 2.78 eV for the Sby 14GaN films deposited at different temperature depositions from 100
to 400 °C, respectively. In the experiment, the Sb content of the Sby 14GaN films increased
from 3.24 at% at a depositing temperature of 100 °C, to the highest Sb content value of
5.23% at the substrate temperature of 400 °C; thus, their bandgap Eg decreased from 3.01 to
2.78 eV. K. M. Yu et al. presented that GaN;_,Sby alloys could modify the site of absorption
from 3.4 eV (GaN) to close to 1 eV for alloys composed of higher than 30 at% Sb [25].
Neugebauer et al. illustrated that the smallest formation of energy remained in p-GaN
in the state of vacancy-nitrogen (a donor), and in the n-GaN of an vacancy-gallium state
(an acceptor) [26]. Mattila clearly confirmed a sophisticated formation between donors
of positively charged and negatively charged cation vacancies [27]. As the Sby14GaN
thin films were sputtered at different temperature depositions, from 100 to 400 °C, there
was smaller absorption energy and lower defect levels caused by presenting the solid Sb
solution into the GaN, and Sb formed as an acceptor in the GaN.

(a) (b)

(c) (d)

Figure 1. SEM images of Sb-0.14-GaN films sputtered at different heating substrate temperatures: (a)
100 °C, (b) 200 °C, (c) 300 °C and (d) 400 °C.
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Rms: 1.26 nm

1 Rms: 1.66 nm

Figure 2. 3D AFM of SbGaN films at different sputtering temperatures of (a) 100 °C, (b)
200 °C, (c) 300 °C, and (d) 400 °C.
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Figure 3. XRD patterns of SbGaN films deposited at heating substrate temperatures ranging from

100 to 400 °C.
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Figure 4. Electrical properties of Sby 14GaN films deposited at different substrate temperature ranges
of 100400 °C.
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Figure 5. Plots of («hv)? vs. photon energy (hv) for the optical band gap determination of the
Sbg 14GaN films sputtered at different substrate temperatures.

3.2. The p-Sby.14GaN/n-5i heterojunction Diode

In our previous work, we have successfully tested the I-V characteristics of the p-
Sby.14GaN/n-5i(100) heterojunction diode at room temperature by using the RF sputtering
technique [18]. In this experiment, the p-Sbg 14GaN/#-5i(100) diode was investigated at
various testing temperatures, ranging from 25 to 150 °C. Figure 6 presents the current
density and voltage characteristic of the p-Sbg14GaN/n-Si diode tested at the different
temperature ranges of 25-150 °C. The p-Sbg 14GaN /#-5i(100) diode was tested at a range
of voltages from —20 to +20 V, and applied at the different working temperatures of 25,
75, 100, 125, and 150 °C. As listed in Table 5, the leakage currents of this diode were
513 x 1077,1.26 x 107%,5.98 x 107%,1.53 x 10~2, and 2.96 x 10~ Acm 2 at the reverse
bias of —5V, respectively. The J-V curves in Figure 6 present that the p-Sbg 14GaN/n-Si
diode at a working temperature range 25-150 °C had the same turnon voltages at 1.25 V,
while the diode experienced breakdown voltages at 20 V. There was a relationship between
the current density of the diode and testing temperature. As the testing temperature rose
from 25, 75, 100, 125 to 150 °C at the forward bias of 20 V, the current density of the
p-Sbo.14GaN/n-Si diode increased from 0.139, 0.461, 0.663, 0.886 to 1.34 A/ cm?, respectively.
It is supposed that the electrical properties of the sputtered p-type Sby 14GaN at different
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heating substrate temperatures presented in Figure 4 applied to the changes in leakage
current density and forward current density values of the diode in Figures 6 and 7.

Table 5. The Parameters and the Electrical Characteristics of the p-Sbg 14GaN/n-Si Diode Tested at
Different Temperatures.

) Leakage Current Barrier I-V. Cheungs’ dV/dinl Versus I
Samples Density (A/cm?) at -5V Height (eV) n Rg (kQY) n
25°C 5.13 x 107° 0.45 5.60 7.51 5.59
75 °C 1.26 x 1074 0.58 4.00 6.72 3.93
100 °C 598 x 1074 0.56 476 1.37 478
125 °C 1.53 x 1072 0.54 5.31 0.53 5.36
150 °C 296 x 1072 0.52 5.71 0.38 5.74

By applying a standard thermionic-emission (TE) model displayed in the below
Equation (2), the electrical properties of the diode can be calculated as qV > 3 kT [6,11,28]:

I = Jexp[ (V- IRy)] @)
where q is the carrier charge (1.60 x 1071 C), V is the applied voltage, Ij is the value of the
saturation current, n is the ideality factor, Iy the saturation current, the series resistance is
named R, K displays the Boltzmann constant (1.38 x 10723 JK~1), and T is the investigating
temperature in Kelvin. With the loop of Inl versus V figured by using Equation (2), the
intersection of the interpolated straight line from the linear region of the semilog chart
determined that the saturation current (Ip) of the diode can be given by the intersection of
the interpolated straight line from the linear region of the semilog chart. The I, values were
7.60 x 1075,1.7 x 107%,3.3 x 1074,5.6 x 1074, and 1.3 x 1073 A for the p-Sbg.14GaN/n-Si
diode at a testing temperature ranging from 25 to 150 °C. Additionally, ¢p, the barrier
height, and n, the ideality factor, can be calculated from the retrieved Iy data by applying
Equations (3) and (4) [15,17,28].

Figure 6 also determined the electrical characteristics of the p-Sbg 14GaN/n-5i diode
tested at different working temperatures. From the data for various investigating tempera-
tures of 25,75, 100, 125, and 150 °C in Table 5, the ideality factor n can be figured to be 5.6,
4.0,4.76,5.31, and 5.71. In addition, by testing within the temperature range of 25-150 °C,
¢p the barrier height can be computed to be greater than the values estimated in Figure 7,
e.g., 0.45,0.58, 0.56, 0.54, and 0.52 eV, respectively.

o = fln(A?:#) ®
d
"= (&) * () @

By using Cheungs’ method presented in Equation (5), the Rs series resistance and
n, ideality factor, were calculated for the p-Sby 14GaN/n-5i diode worked at the different
temperatures and shown in Figure 8 [17,28-30]. The n ideality factors were found to be
5.59,3.93,4.78, 5.36, and 5.74. The Rg series resistances were 7.51, 6.72, 1.37, 0.53, and 0.38
kQ) for the testing temperatures of 25, 75, 100, 125, and 150 °C, respectively (Table 5).

dv nKT
(amn) = "5+ ©
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Figure 6. The current density—voltage characteristic of the p-Sbg 14GaN/n-Si heterojunction diode
investigated (a) at room temperature and (b) at the different temperature ranges from 25 °C to 150 °C.
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Figure 7. The reverse and forward current density—voltage (I-V) plots of the p-Sbg14GaN/n-Si
heterojunction diodes measured at the different temperatures, ranging from 25 °C to 150 °C.

5 -
] *
‘,o
s
5
3
S
T
-m—25°C
-o-75°C
—A—100°C
-wv—-125°C
—e—150°C
0 1 T T T T T T T T T T T T T T T T T T T
0.0 5.0x10° 1.0x10? 1.5x107

Voltage (V)

Figure 8. Plots of dV/dIn(I) versus current density for p-Sby 14GaN/n-Si diodes measured at the
different temperature.
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From the surveyed data, it can be seen that as the heating substrate temperature of
the sputtering process increases, the Sby 14GaN film possessed more electrical conductivity
(0) and carrier concentration (ne), as shown in Table 4. This means that the Sbj 1,GaN
device had a higher leakage current density and forward current density at higher testing
temperatures.

At this time, there is no report on the SbGaN/Si heterojunction device. Our diode
showed an excellent breakdown voltage of 20 V compared with some devices based on
GaN and its alloys, which often display breakdown voltages of ~ 13V [30-34]. Similar
results were also determined in the investigation of heterojunction diodes with different
approaches. Mohd Yusoff et al. studied the p-n junction diode based on GaN grown on
Si(111) substrate at room temperature (RT). Their ideality factors (n) decreased from 15.14
to 19.68, with an increase in the testing temperature within the range of 30-104 °C [35].
Chirakkara et al. fabricated a n—ZnO/p-5i(100) hetero diode by pulsed laser deposition.
Their barrier heights increased from 0.6 eV (at 300 K) to 0.76 eV (at 390 K) when testing
at various temperatures, ranging from 300 to 390 K [36]. Lin et al. reported leakage
current densities of 6.65x1077 A/cm? at a reverse voltage of 5 V and a large turn-on
voltage of 9.2 V, which was measured for I-V curves in the sputtered-n-Alj gsIn ¢ g75GaN/p-
Si heterodiode. In another work, they also identified a turnon voltage of 2.70 V in the
sputtered n-Alj g75Ing 25GaN/p-5i diode when testing at RT [37,38].

In addition, although the reported III-V diodes made by MOCVD displayed the epi-
taxial growth of their semiconductors, their deposition was conducted at high temperatures
of 900 °C for GaN [9,10,28]. The p-Sbg 14GaN/n-5i diodes had shown the special properties
shown in the -V measurements, which could be attributed to the low temperature process
only at 400 °C. Our diode with stable electrical properties up to test temperatures of 150 °C
has great potential for application in power diodes and electronic devices.

4. Conclusions

Sbp.14GaN films were successfully fabricated on n-type Si(100) substrates by applying
radio frequency (RF) reactive sputtering technology at various heating substrate temper-
atures, from 100 to 400 °C. The investigated data indicated that all the Sby14GaN films
retained the structure of the polycrystalline and electrical conductivity at the different
depositing temperature conditions. At the various sputtering temperatures of the deposi-
tion process, the Sbg 14GaN films were affected by the film properties and experienced a
significant structural distortion. At the highest heating substrate temperature of 400 °C, the
Sbp.14GaN film behaved as a p-semiconductor layer and had the highest bulk hole concen-
tration and electrical conductivity, of 8.97 x 10'® cm~3, and 2.1 Sem ™!, respectively. The
electrical characteristics of the p-Sbg14GaN layer/n-Si substrate diode were measured and
computed at the different testing temperature ranges of 25-150 °C using semiconductor
device analyzer. These results proved that the testing temperature conditions affected the
electrical characteristics of the p-Sbg14GaN/n-Si device. Forward bias analysis at 20 V
revealed the highest current density of 1.34 A /cm? to be for the diode operating at 150 °C
and it is believed that there is a relationship between a working temperature decrement of
125,100, 75, and 25 °C and a significant current density decrease from 0.886, 0.663, 0.461 to
0.139 A/cm?, respectively.
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